The reactions of ammonium salts of dialkyldithiophosphate ligands, (RO) 2 
Introduction
Although the ruthenium chemistry of dithioacid based ligands such as dithiocarbamate and dithiocarbonate has been the subject of continuous study , the corresponding ruthenium dithiophosphate chemistry has not been developed much [25] [26] [27] [28] [29] . The versatile bonding, structural features as well as fascinating chemical and electrochemical reactivities of ruthenium dithiocarbamate and dithiocarbonate complexes have prompted us to make a systematic study of ruthenium dialkyldithiophosphate complexes. The present study indicates that the reactions of ammonium salts of dialkyldithiophosphates, (RO) 2 . Herein we report the solid state characterization of the tris complexes 1, including the singlecrystal X-ray structure and the solution spectroscopic and electron-transfer properties of the complexes.
Experimental

Materials
Commercial ruthenium trichloride (S.D. Fine Chemicals, Bombay, India) was converted into RuCl 3 P3H 2 O by repeated evaporation to dryness with concentrated hydrochloric acid. The ligands NH 4 L 1-2 were synthesized according to the reported method [30] . Other chemicals and solvents were reagent grade and were used as received. Silica gel (60-120 mesh) used for chromatography was of BDH quality. For spectroscopic and electrochemical studies, HPLC grade solvents were used. Commercial tetraethyl ammonium bromide was converted into pure tetraethyl ammonium perchlorate by following an available procedure [31] .
Physical measurements
UV-Vis spectra were recorded using a Shimadzu-160 spectrophotometer. FT-IR spectra were taken on a Nicolet spectrophotometer with samples prepared as KBr pellets. Solution electrical conductivity was checked using a Systronic 305 conductivity bridge. Magnetic susceptibility was checked with a PAR vibrating sample magnetometer. NMR spectra were obtained with a 300 MHz Varian Fourier transform spectrometer. Cyclic voltammetric, differential pulse voltammetric and coulometric measurements were carried out using a PAR model 273A electrochemistry system. Platinum wire working and auxiliary electrodes and an aqueous saturated calomel reference electrode (SCE) were used in a three-electrode configuration. The supporting electrolyte was [NEt 4 ]ClO 4 and the solute concentration was 10 y3 M. The half-wave potential was set equal to 0.5(E pa qE pc ), 0 E 298 where E pa and E pc are the anodic and cathodic cyclic voltammetric peak potentials respectively. A platinum wire-gauze working electrode was used in coulometric experiments. All experiments were carried out under a dinitrogen atmosphere and were uncorrected for junction potentials. The electrospray mass spectra were recorded on a Micromass Quattro II triple quadrupole mass spectrometer. The elemental analyses were carried out with a Carlo Erba (Italy) elemental analyzer. The EPR measurements were made with a Varian model 109C E-line X-band spectrometer fitted with a quartz Dewar for measurements at 77 K (liquid nitrogen). The spectra were calibrated using tetracyanoethylene (tcne) (gs2.0023).
Preparation of complexes
The complexes (1a and 1b) were synthesized by following a general procedure. Details are given for the complex 1a. Yields vary in the range 70-75%.
Tris(dimethyldithiophosphate)ruthenium(III) (1a)
RuCl 3 P3H 2 O (100 mg, 0.38 mmol) was dissolved in 15 ml of methanol solvent and a stream of nitrogen gas was flushed through the solution for a period of 15 min. The ligand NH 4 L 1 , 266 mg (1.52 mmol), was added and the reaction mixture was stirred magnetically under nitrogen atmosphere for 12 h. The solvent was removed under reduced pressure and the solid product thus obtained was purified using a silica gel column. On elution with benzene one pink colored band was separated out, leaving behind a dark mass at the top of the column which did not move even on using methanol. On removal of benzene under reduced pressure, dark crystalline solid complex 1a was obtained in the pure state. Yield 190 mg (72%).
X-ray structure determination
Single crystals of complexes 1a and 1b were grown by slow diffusion of dichloromethane solution of the complexes into hexane followed by slow evaporation.
Cell parameters were determined by least-squares fit of 25 (2us10-178) and 30 (2us15-308) machine centered reflections for 1a and 1b respectively. Data were collected by the v-scan technique in the ranges 4F2uF508 and 3F2uF488 on a Nonius MACH 3 and Siemens R3m/V fourcircle diffractometer for 1a and 1b respectively with graphitemonochromated Mo Ka radiation (ls0.71073 A) at 293 K. Significant crystal data and data collection parameters are listed in Table 1 . The check reflections were measured after every 100 reflections during data collection to monitor crystal stability. No significant intensity reduction was observed during exposure to X-ray radiation. Absorption correction was done by performing psi-scan measurements for 1a and for 1b all data were corrected for Lorentz polarization effects and empirical absorption corrections were done on the basis of azimuthal scans of six reflections [32] . For 1a, data reduction was done using MAXUS and structure solution and refinement were done using the programs SHELXS-97 and SHELXL-97 respectively [33, 34] . For 1b, all calculations for data reduction, structure solution and refinement were done using the program SHELXTL Version 5.03 [33, 34] . The metal atom was located from the Patterson map and the other non-hydrogen atoms emerged from successive Fourier synthesis and the structure was refined by full-matrix leastsquares on F 2 . All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in calculated positions. The numbers of variable parameters were 198 and 128, affording data-to-parameter ratios of 9.47:1 and 17.05:1 for 1a and 1b respectively. The refinement converged to R 1 s0.0221, wR 2 s0.0565 and R 1 s0.0378, wR 2 s0.0985 and goodness of fit 1.070 and 1.064 with the largest difference peak of 0.399 and 0.559 e A y3 near the metal atom for 1å and 1b respectively.
Results and discussion
Synthesis
Two dialkyldithiophosphate ligands were used for the present study and are abbreviated as NH 4 
Solid state characterization
The complexes 1a and 1b are stable in the solid state. Microanalytical data of the complexes are in good agreement with the calculated values ( Table 2 ). The complexes are oneelectron paramagnets (Table 2) , as expected for low-spin Ru III complexes (low spin d 5 , Ss1/2) [35] . The molecular structures of both the complexes were determined by single-crystal X-ray diffraction. The crystal structures are shown in Figs. 1 and 2. Selected bond lengths and angles are listed in Table 3 . The complexes are monomeric and the lattice consists of one type of molecule where the dialkyldithiophosphate ligands are in bidentate S,S mode. For 1b, Ru and P 2 atoms are in special positions and a mirror plane passes through them (Fig. 2) . The RuS 6 coordination sphere is distorted octahedral as can be seen from the angles subtended at the metal ( Table 3 ). The observed distortion from the perfect octahedral symmetry originates from the constraints due to the four-membered chelate rings in which the average S-Ru-S bite angles are 81.54(8)8 and 81.84(6)8 for 1a and 1b respectively ( Table 3) . A similar effect of ring (3) S ( constraints on the molecular geometry has been also observed earlier [36] [37] [38] [39] . The Ru-S distances are unequal, the longer and shorter distances are respectively 2.452(3) and 2.395(3) A for 1å and 2.425 (14) [40, 41] (the only two other structurally characterized tris-ruthenium(III) dithioacid complexes).
The distances within the dithiophosphate ligands agree well with those found in structurally characterized dithiophosphate complexes of other metal ions [42] [43] [44] .
It may be noted that the present work demonstrates the first crystal structure of a ruthenium complex incorporating the dithiophosphate ligand.
The reflectance spectra of the solid complexes 1 exhibit two broad bands in the visible region (Fig. 3, Table 2 ). The band profiles look similar for both complexes, but the lowest energy band maxima are observed to be sensitive to the nature of the R groups. Fig. 4 ) [45, 46] . No anisotropic pattern has been observed even at liquid N 2 temperature (77 K).
Solution properties of the complexes
The solid complexes 1 are fairly soluble in non-polar solvents such as dichloromethane, chloroform and benzene, but are sparingly soluble in polar solvents such as acetonitrile, N,N-dimethylformamide and dimethylsulfoxide. In dichloromethane and acetonitrile the complexes 1 are non-conducting, diamagnetic and consequently EPR silent even at chloroform-toluene glass temperature (77 K, liquid N 2 ). The change in magnetic behavior of the complexes while moving from the solid to solution state implies that the one-electron paramagnetic solid complexes 1 undergo molecular reorganization in the solution state which eventually leads to the formation of diamagnetic complexes.
The electrospray mass spectrum of a representative complex (1b) was recorded in dichloromethane solvent. The maximum molecular peak is observed at m/z 1006 (Fig. 5 In dichloromethane the violet colored complexes exhibit multiple transitions in the UV-Vis region. In the visible region the complexes display two moderately intense bands and the higher energy band is associated with a shoulder at a further higher energy part of the spectra (Table 4, Fig. 3 ). Since the ruthenium ion is in the q4 oxidation state in the complexes, the bands may therefore be assigned as ligand to metal charge-transfer transitions from sulfur to the metal ion [48] [49] [50] [51] [52] . The direct comparisons of the solid state reflectance spectra of 1 with the solution absorption spectra (Fig. 3 , Tables 2 and 4) reveal that the bands have been reasonably blue shifted while moving from the solid to solution state. s0.5(E pc qE pa ) where E pc and E pa are the cathodic and anodic peak potentials respectively.
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where Q9 is the calculated Coulomb count for a two-electron transfer and Q that found after exhaustive electrolysis of ;10 y2 mol of solute. Electron-transfer properties of the complexes were studied in dichloromethane solvent by cyclic voltammetry using a platinum working electrode in the range "2.0 V versus a saturated calomel electrode (SCE) (tetraethyl ammonium perchlorate as electrolyte, 298 K). Representative voltammograms are shown in Fig. 7 and the reduction potentials are given in Table 4 . The complexes display two reversible reductive couples and the separation between the two E 1/2 values is found to be ;1.4 V (Fig. 7, Table 4 ). The two-electron nature of the first couple (Fig. 7, couple I) is confirmed with the help of constant-potential coulometry ( Table 4 ). The two-electron nature of the second couple (Fig. 7, couple II) at the negative side of SCE is determined by direct comparison of its differential pulse voltammogram peak height with that of the previous two-electron process (confirmed by coulometric experiment). The reduction potentials are observed to be lower for the complex having the ethoxy group (1b) as compared to the methoxy complex (1a).
The responses at positive and negative potentials are respectively assigned to ruthenium(IV)-ruthenium(III) and ruthenium(III)-ruthenium(II) couples as in Eqs. (2) and (3).
(2) ) do not show any redox activities within the specified potential range. Here the difference in potential between the two successive reduction processes is found to be ;1.4 V ( Table 4) which is in good agreement with the earlier observed potential differences (1.3-1.4 V) between the two successive reduction processes Ru IV/III -Ru III/II in other complexes [53] [54] [55] . Electrochemical reductions (constant-potential coulometry) of the complexes at 0.5 V versus SCE in dichloromethane solvent using a platinum gauze working electrode under a dinitrogen atmosphere result in a sharp color change from pink to greenish yellow. The observed Coulomb counts correspond to two-electron transfer ( Table 4 species display voltammograms which are superposable on those of the corresponding starting complexes, which imply that the reductions here may be stereoretentive in nature [56] . When the same reduced solutions are reoxidized coulometrically at a potential 100 mV positive to the corresponding E pa of the M III /M IV couple, the starting violet colored tetravalent complexes are formed quantitatively. The reduced species are not stable enough to be isolated in the solid state even at 273 K, however, we have managed to check the EPR spectra of the reduced complexes at 77 K and to record the qualitative electronic spectra. Since the reduced complexes are observed to be EPR silent even at 77 K, it may therefore be assumed that the two ruthenium(III) centers in the complexes are antiferromagnetically coupled [57] . In dichloromethane solvent, the complexes display two sulfur to metal charge transfer transitions in the visible region (Fig. 8 , Table  4 ) and one ligand based transition in the UV region ( Table  4) . 4y are very unstable. On contact with a small amount of air, the complexes are oxidized immediately to the trivalent species, therefore no further study was made in this direction. The low Ru III/II potentials (;y0.5 V) and the tetraanionic nature of the second reduced species might be responsible for their spontaneous aerial oxidation to the higher congeners.
The complexes can also be reduced chemically to the trivalent congeners by hydrazine hydrate. Although the greenish-yellow colored first step reduced species [{(RO) 2 2y , particularly in the absence of any disulfide product in order to obtain direct evidence in favor of dimer formation.
Conclusions
We have observed that the reactions of dialkyldithiophosphate ligands with RuCl 3 P3H 2 O result in paramagnetic tris ruthenium complexes {(RO) 2 respectively. The bivalent species are found to be unstable whereas the trivalent complexes are stable on the coulometric time scale but isolation in the pure solid state has not been successful.
Supplementary data
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